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APPARATUS AND METHOD FOR BONDING
TIE LAYERS ON REINFORCED
THERMOSETTING RESIN LAMINATES FOR
USE IN WELDING THERMOSET
COMPOSITE PIPE JOINTS

BACKGROUND OF INVENTION

RTR (Reinforced Thermosetting Resin) pipe is an acro-
nym given to a broad family of fiber reinforced thermoset-
ting pipes manufactured via a filament winding process. The
reinforcement is generally glass fiber and the resin (matrix)
is a thermoset polymer, traditionally polyester, vinyl-ester,
or epoxy depending on the nature of the transported fluids in
the pipe and the service temperature. This has led to the
development of 3 main product lines for RTR pipes: GRP
(Glass Reinforced Polyester), GRV (Glass Reinforced Viny-
lester) and GRE (Glass Reinforced Epoxy) pipes.

RTR pipes are generally produced in rigid segments of
about 10-12 meters in length and transported onsite before
being eventually assembled (jointed) to each other to the
required length. The historical development of RTR began
with the need to replace heavy concrete and steel pipes used
in utilities and potable/sewage water systems. However, the
use of RTR pipes in higher value applications such as oil and
gas (O&Q) service (particularly GRE), has gained a great
deal of attention and acceptance. Currently, thousands of
kilometers of RTR pipes are installed globally (particularly
in the Middle East region) on yearly basis to meet the need
of critical applications such as high pressure water injection
and sour crude oil flowlines. The experience of O&G
operators over the last decades has shown that RTR is a
mature technology and can be an economical alternative to
traditional carbon steel pipes, particularly in view of the fact
that RTR pipe is not subject to the same corrosion seen in
carbon steel piping. Depending on the manufacturer’s prod-
uct portfolio, RTR line pipes are generally available in
diameters ranging from 1%2" (inches) to 44" and can be
designed to handle pressures ranging from 150 psi to 4000
psi and temperatures up to 210° F.

Within the RTR pipe manufacturing industry is well-
known that the joint/connection in an RTR pipeline system
is often the limiting component towards a higher tempera-
ture and pressure operating envelope. The envelope is often
defined in terms of the product pressure in view of the
diameter (i.e., larger diameter RTR pipe generally cannot
handle the same pressure as smaller diameter piping).
Indeed, the experience of O&G operators has shown that
most failures/leaks in RTR pipe systems are associated with
joint failures. This could potentially reduce the confidence in
the material and technology.

A number of proprietary joint designs have been devel-
oped over the years by the manufacturers, which can gen-
erally be grouped into two main types/categories; adhesive/
bonded joints and interference joints. The former, adhesive/
bonded joints, relies on an adhesive (or a laminate in case of
wrapped/laminated joints) to transfer the load from one pipe
to another and the performance/limitation of such joints is
often associated with proper surface preparation, particu-
larly in field conditions. The latter, interference joints, relies
on a solid contact and direct load transfer between the two
RTR pipes to be jointed, such as threaded and key-lock
joints. A combination of both techniques (i.e, adhesive and
interference) is also possible (e.g., the Injected Mechanical
Joint—IMI).

In general, high-pressure RTR pipes make use of inter-
ference or mechanical joints (threaded or key-lock joints),
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while lower pressure ratings can be achieved with adhesive
and laminate joints. Examples of interference joints are
shown in FIG. 1A, which shows an integral threaded joint,
FIG. 1B, which shows a coupled threaded joint, and FIG. 2,
which shows a key-lock joint. Referring to FIG. 1A, the joint
100 is formed between a first RTR pipe 102 having a
threaded spigot end and a second RTR pipe 104 having a
threaded socket end. Referring to FIG. 1B, a joint 110 is
formed between a first RTR pipe 112 having a threaded
spigot end and a second RTR pipe 114 also having a
threaded spigot end by employing a coupler pipe 116 having
threaded socket ends. Referring to FIG. 2, joint 200 is
formed between an RTR pipe 202 having a spigot end and
an RTR pipe 204 having a socket end using locking strips
206 and a rubber sealing (O-ring) 208.

SUMMARY OF INVENTION

One or more embodiments of the present invention relate
to a system for coupling pipes comprising: a first pipe having
a tapered, spigot end; and a second pipe having a tapered,
socket end adapted to internally receive the tapered, spigot
end of the first pipe; wherein the first pipe and the second
pipe are made from a reinforced thermosetting resin (RTR)
material, wherein a thermal joining process is used to bond
a thermoplastic material onto the RTR material of the first
pipe or the second pipe, wherein, upon application of
thermal heating to the thermoplastic material, the heat is
sufficient to melt the thermoplastic material such that, when
the heat is removed, the hardened thermoplastic material
seals the first pipe to the second pipe.

One or more embodiments of the present invention relate
to a method of coupling a first pipe having a tapered, spigot
end and a second pipe having a tapered, socket end adapted
to internally receive the tapered, spigot end of the first pipe,
wherein the first pipe and the second pipe are made from a
reinforced thermosetting resin (RTR) material, the method
comprising: disposing a thermoplastic material onto the
RTR material of the first pipe or the second pipe; employing
a thermal joining process to bond the thermoplastic material
on the RTR material, inserting the first pipe into the second
pipe; and heating the first pipe or the second pipe sufficiently
to melt the thermoplastic material such that, when the heat
is removed, the hardened thermoplastic material seals the
first pipe to the second pipe.

One or more embodiments of the present invention relate
to a system and a method of coupling the first pipe and the
second pipe that may include a coupler made of RTR
material, wherein a thermal joining process is used to bond
a thermoplastic material onto the RTR material of the
coupler.

Other aspects and advantages of the invention will be
apparent from the following description and the appended
claims.

BRIEF DESCRIPTION OF DRAWINGS

Prior Art FIGS. 1A and 1B show an integral and a coupled
threaded joint, respectively.

Prior Art FIG. 2 shows a key-lock joint.

Prior Art FIG. 3 shows a schematic representation of
overloading failure of threaded RTR connections.

FIG. 4 is a schematic view of a coupled weldable RTR
joint in accordance with one or more embodiments of the
invention.
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FIG. 5 is a schematic cross-section representation of a
coupled weldable RTR joint in accordance with one or more
embodiments of the invention.

FIG. 6 is a schematic view of examples of tie layer
composition in accordance with one or more embodiments
of the invention: Tie layer A (left) using an aluminum
interlayer and Tie layer B (right) without interlayer.

FIG. 7 is a schematic description of the method used to
assemble the system using friction welding in accordance
with one or more embodiments of the invention.

FIG. 8 is a metallization gun used for the deposition of an
aluminum layer in accordance with one or more embodi-
ments of the invention.

FIG. 9 is a HVOF gun used for the deposition of PEEK
on the aluminum substrate in accordance with one or more
embodiments of the invention.

FIGS. 10A and 10B are a PEEK layers thermally sprayed
by a first and second technique respectively in accordance
with one or more embodiments of the invention.

FIGS. 11A-11D are optical micrographs of thermally
sprayed PEEK/aluminum surfaces in accordance with one or
more embodiments of the invention.

FIGS. 12A-12D are graphs in accordance with one or
more embodiments of the invention.

FIG. 13 shows the location of adhesion tests with 20
millimeter dollies bonded onto the PEEK/aluminum coated
laminates in accordance with one or more embodiments of
the invention.

FIG. 14 shows adhesion pull-off strength results for area
PT1 and PT2 with corresponding images of failures in
accordance with one or more embodiments of the invention.

FIG. 15 shows details of the Thompson E20 linear friction
welding machine in accordance with one or more embodi-
ments of the invention.

FIG. 16 shows details of the PEEK components and an
example of a type (a) component before joining in accor-
dance with one or more embodiments of the invention.

FIG. 17 shows a successfully joined GRE/PEEK compo-
nent in accordance with one or more embodiments of the
invention.

FIG. 18 shows GRE laminates with friction deposited
PEEK tie layers in accordance with one or more embodi-
ments of the invention.

FIG. 19 shows PEEK (left) and GRE (right) weldments
before linear friction welding in accordance with one or
more embodiments of the invention.

FIGS. 20A and 20B shows the welding force over time of
linear friction welding Program 1 and the oscillation ampli-
tude of the welding force (kN) versus time of linear friction
welding Program 1 in accordance with one or more embodi-
ments of the invention.

FIGS. 21A and 21B shows a linear friction weld of PEEK
to GRE laminate, where both sides are shown in (a) and (b)
in accordance with one or more embodiments of the inven-
tion.

FIG. 22 shows PEEK to GRE friction welds after trim-
ming excess PEEK in accordance with one or more embodi-
ments of the invention.

FIGS. 23A and 23B show two possible routes of joining
PEEK to GRE in accordance with one or more embodiments
of the invention.

FIG. 24 shows a final three-step weld result (GRE to GRE
coupon) with a PEEK to PEEK weld in accordance with one
or more embodiments of the invention.

FIG. 25 shows a summary of mechanical properties for
the rework linear friction welding specimens in accordance
with one or more embodiments of the invention.
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FIG. 26 shows the measured apparent shear strength of
GRE laminates jointed using commercial adhesives and a
linear friction welding process in accordance with one or
more embodiments of the invention.

FIG. 27 shows the location of contact angle measure-
ments (L, C, R) on two manually abraded and two grit
blasted GRE laminates in accordance with one or more
embodiments of the invention.

FIG. 28 shows the surface free energy (total, polar and
disperse) for the manually abraded (MA) and grit blasted
(GB) GRE laminates and PEEK (as machined) surfaces in
accordance with one or more embodiments of the invention.

FIG. 29 shows pseudo-color images of height profile for
manually abraded (left) and grit blasted GRE surfaces (right)
in accordance with one or more embodiments of the inven-
tion.

DETAILED DESCRIPTION

Threaded joints are traditionally used for high pressure
RTR pipes. These can be either “integral” (i.e., a connection
that does not use a joining member/coupler to transfer the
load from one pipe to the other) or using a “coupler.”
Although threaded joints can achieve outstanding perfor-
mance, in terms of pressure rating and sealing capacity, the
experience of O&G operators has shown that failures can
happen. The general opinion is that the failures are associ-
ated with improper installation by the jointers (pipe mis-
alignment, over-torqueing, improper/insufficient taping of
the thread compound—TEFLON® (registered trademark of
the Chemours Company FC, LLC), etc.).

A typical failure mechanism is illustrated in FIG. 3. A
poor installation can result in imperfections/cavities along
the contact surface between the spigot and the socket. In
operation, fluid (e.g., water) at high pressure and high
temperature could ingress into these cavities (step #1) and
create a high pressure fluid film (step #2) which would
slowly propagate along the spigot-socket interface. In some
cases, the creep of the resin at the interface can aggravate the
water propagation at the interface. As the ingress progresses,
the contact pressure on the initial threads is eliminated and
the excess load is transferred to the nearby threads, which
eventually leads to overloading failure (step #3).

One or more embodiments of the present invention intro-
duce a new jointing technique that will reduce, and poten-
tially eliminate, failures and increase the confidence in the
RTR pipe technology. The ultimate target for such embodi-
ments is to replace current jointing technologies for RTR
pipes (low and high pressure) with a maximum operating
envelope up to 24 inches at 1500 psi pressure rating and
service temperatures up to 230° F.

Therefore, one or more embodiments of the present
invention relate to a system and method for jointing of high
pressure reinforced thermosetting resin (RTR) pipes. The
present inventors have invented methods and systems
involving using an electrofusion welding process, also
referred to as resistive implant welding, to result in electro-
fusion welded joint without any threads. Additionally, the
present inventors have invented method and systems involv-
ing system and method for jointing of high pressure rein-
forced thermosetting resin (RTR) pipes using a friction
welding process to result in a friction welded joint without
any threads. Additionally, the present inventors have
invented method and systems involving a combination of
two conventional jointing techniques: integral threading, or
threading to a coupler, followed by thermoplastic welding,
resulting in threaded-welded joints.
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Each of these systems and methods may involve jointing
(1) two “weldable” RTR pipes with tapered spigot ends
coated with a tie layer (interlayer) comprising at least a
thermoplastic material and (2) a “weldable” RTR pipes with
tapered socket ends coated with a tie layer comprising at
least a thermoplastic material, or alternatively a reinforced
thermoplastic coupler comprising at least a thermoplastic
material. Detailed descriptions of such recent inventive
work by the present inventors is appended in the form of
provisional patent applications directed to each particular
type of system and method of jointing.

In the context of the continued inventive work by the
present inventors, one or more embodiments of the present
invention relate to techniques for bonding tie layers on
reinforced thermosetting resin laminates for use in welding
thermoset composite pipe joints. More specifically, one or
more embodiments of the present invention relate to a
system and method for a specific structure of a thermoplastic
material tie layer that can be used to bond reinforced
thermosetting resin (RTR) laminates via thermal welding
processes along with different methods for the deposition of
the disclosed tie layer structure on the faying surfaces of
RTR laminates. It is to be noted that the welded thermo-
plastic tie layer can also be used as a sealing system only
(i.e., combined to another jointing process—e.g, threaded to
get the mechanical strength required—while the sealing
function is fulfilled by the welded part).

In accordance with one or more embodiments, a first
method consists of thermal spray deposition of an aluminum
layer on the faying surfaces of the to-be-jointed RTR lami-
nates, followed by the deposition of a polyether ether ketone
(PEEK)-based tie layer on the aluminum substrate using
either thermal spraying or thermal joining process. The
aluminum interlayer is used to increase the adhesion of the
PEEK-based tie layer to the RTR laminate and could also
serve the purpose of a conducting electromagnetic susceptor,
if induction is used as the heating method for the subsequent
thermal welding of the RTR pipes. In accordance with one
or more embodiments, a second method is based on direct
deposition of the PEEK -based tie layer on the faying surface
of the RTR laminates using a thermal joining process such
as a friction-based method or resistive implant heating
method.

At the outset, it is noted that while PEEK is suggested as
a suitable thermoplastic material in one or more embodi-
ments, those skilled in the art will readily appreciate that the
same techniques can be used for any other weldable ther-
moplastic materials traditionally used in the O&G industry
(such as polyethylene (PE), polyvinylidene fluoride
(PVDF), polyphenylene sulfide (PPS), polyaryletherketone
(PAEK), polyamide (PA), etc.). Further, when used on RTR
pipe and coupler ends, the systems and methods disclosed in
the embodiments below will enable the modified pipes and
couplers to be subsequently jointed and sealed in the field
using any thermal welding technique commonly used for
joining thermoplastic pipes.

The appendix to this disclosure includes details of jointing
and sealing concepts (systems and methods) for RTR pipes
using a variety of thermal welding techniques. Those tech-
niques rely primarily on adding a “welding” functionality to
the RTR pipes (known to be not weldable) using a thermo-
plastic interlayer deposited on the faying surfaces of the
to-be-jointed RTR pipes. It will be appreciated by those
skilled in the art that the systems and methods of one or more
embodiments involve related structures.

An exemplary system in accordance with one or more
embodiments is schematically presented in FIG. 4 and FIG.
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5. As can be seen, a joint 400 is being formed between a first
RTR pipe 402 with a tapered spigot portion (end) coated
with a tie layer comprising at least a thermoplastic material
(tie layer A) 408 and a second RTR pipe 404 with a tapered
spigot portion (end) coated with a tie layer comprising at
least a thermoplastic material (tie layer A) 408 by employing
a reinforced thermoset (RTR) coupler pipe 406 with a
tapered socket portions (ends) coated with a tie layer com-
prising at least a thermoplastic material (tie layer B) 408.

In one or more embodiments, and as shown in FIG. 5, at
least one tie layer is used to joining at least two RTR pipes.
In some embodiments, a joining process may include ther-
mal joining of at least two RTR pipes to which at least one
tie layer material has been added on each RTR surface.

Generally, one or more embodiments relate to bonding a
thermoplastic layer (which may include metallic susceptors,
if needed) on the RTR pipes 402, 404 and coupler 406 ends,
which should preferably be done at the pipe manufacturing
stage. It should be noted that the same concept can be used
for integral joint, i.e., no need for a coupler in the middle as
it is integrated into one of the two pipes. At the installation
site, the “functionalized” pipes and coupler are pushed into
each other and subsequently jointed by applying sufficient
heat (e.g., by induction, friction, or resistive welding pro-
cess) to melt and fuse the thermoplastic layers to each other.
Upon cooling, a fully bonded and sealed joint is formed.
Accordingly, in one or more embodiments, relevant methods
for the deposition and bonding of thermoplastic tie layers
onto the RTR pipe ends are disclosed.

Those skilled in the art will appreciate various methods
can be used to apply and bond the tie layers to the thermoset
parts. Several techniques, such as thermal spraying a ther-
moplastic powder on the faying surface of the thermoset
parts (with sufficient surface preparation, e.g., sand blasting)
or applying a thermoplastic implant while the thermoset is in
a partially cured (or uncured) state, followed by co-curing at
the required temperature (below the melting temperature of
the thermoplastic) may be employed in different embodi-
ments. In one or more embodiments, the deposition of tie
layers may be conducted in the factory at the manufacturing
stage. Because the surface preparation of a substrate often
conditions the final quality of a coating, a clean and con-
trolled environment (e.g., dust free, temperature regulation,
etc.) is advantageous, which is easier to achieve in the
manufacturing site.

The thermoplastic materials 408 used on the tie layers can
either be the same or different in A and B, but must
necessarily be weldable to each other (e.g., have very close
melting/solidification temperatures and be melt compatible,
i.e., mix well when molten). In addition, such thermoplastic
materials must be carefully selected to ensure their function
throughout the lifetime of the pipe (typically, 25 years). For
example, the materials must be qualified (e.g., as per ISO
23936) to meet the service specifications in terms of design
temperature, pressure, and chemical compatibility with the
environment (acidic gases, liquids, aromatics contents, etc.).
Examples of thermoplastics that can be considered, include
but are not limited to (i.e., non-exhaustive list), are high-
density polyethylene or HDPE, polyethylene of raised tem-
perature (PE-RT), PVDF, PEEK, polyetherketoneketone
PEKK, polyamide 12 (PA12), polyketone (POK) among
other thermoplastic resins commonly used in the O&G
industry.

One or more embodiments of the present invention relate
to a specific structure of a PEEK-based tie layer that can be
used to bond reinforced thermosetting resin laminates (here
glass fiber reinforced epoxy—GRE) via thermal welding
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processes, and; two different methods for the deposition of
the disclosed tie layer structure on the faying surfaces of
RTR laminates.

The specific tie layer disclosed in this invention is PEEK-
based and schematically presented in FIG. 6 when applied
on the surface of a GRE pipe (example only). Two variants
of the tie layer are presented: Tie layer A (left) using an
aluminum interlayer 600—Tie layer B (right) without inter-
layer 602.

Tie layer A (left) 600, which has a sandwich structure and
includes an initial adhesion promoting interlayer 620 (e.g.,
aluminum, a functionalized aluminum with silanes or zir-
coaluminates) deposited onto the RTR laminate 610 and a
second layer of PEEK material 630 deposited on top of the
adhesion promoting layer 620. In the case of the adhesion
promoting interlayer 620 being an aluminum interlayer, this
may also serve the purpose of a conducting electromagnetic
susceptor if induction is used as the heating method for the
subsequent thermal welding process.

Tie layer B (right) 602 is simply a layer of PEEK material
630 deposited directly onto the surface of the RTR laminate
610.

FIG. 7 shows a description of the tie layer deposition
method(s) with a sand blasted GRE pipe 700, an aluminum
coated GRE pipe 702, a PEEK layer deposited onto an
aluminum coated GRE pipe 704, and a PEEK coated directly
onto the GRE pipe 706. The main steps involved in the
deposition of the PEEK-based tie layer (A and B) disclosed
in the previous section are illustrated in FIG. 3 when applied
on the GRE pipe (taken as an example). The deposition
techniques used can be either through a thermal spraying
route, a thermal joining route, or a combination of both.

The choice of adopting Tie layer A or Tie layer B will be
made based on (i) whether an aluminum intermediate layer
is required to act as a susceptor in the subsequent thermal
joining process (such as induction), (ii) whether an alumi-
num layer is acceptable considering the final application of
the pipe joint, and (iii) whether the subsequent thermal
joining process required a PEEK tie layer thickness greater
than achievable using a thermal spray process.

In the first step (a) 701 and 705, the faying surfaces of the
RTR laminate are prepared using a suitable process such as
sand/grit blasting. Care should be taken not to cause damage
to the fibres in the GRE materials to obtain a sand blasted
GRE pipe 700. The surfaces are then cleaned to remove dust
and debris.

For tie layer A, in the second step (b) 703, a layer of
aluminum is deposited onto the surfaces prepared in step (a)
using a thermal spraying process to obtain an aluminum
coated onto the sand blasted GRE pipe 702. If the aluminum
layer is required to improve the adhesion of the subsequent
tie layer then it must be applied in sufficient thickness to
achieve the intended strength improvement. If the purpose
of the aluminum layer is to act as an electromagnetic
susceptor then its thickness must be sufficient to act as an
effective susceptor and facilitate induction heating required
to effect the subsequent joint between pipes and coupler.

In step (¢), a PEEK layer is applied using an appropriate
process to obtain a PEEK layer deposited onto a GRE pipe
706 or an aluminum coated GRE pipe 704. This can be a
thermal spray process or a thermal joining process (such as
a friction-based method or resistive implant heating
method). After the tie layer has been applied, it may be
machined to the correct dimension required for the correct
alignment and fit of the pipes and coupler. Steps (a) to (c)
would ideally be carried out at the pipe/coupler manufac-
turing facility where suitable equipment is located and since
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the surface preparation of a substrate often conditions the
final quality of a coating, a clean and controlled environment
(e.g., dust free, temperature regulation, etc.) might be
required, which is easier to achieve in the manufacturing
site.

Step (a)—Surface Preparation

A GRE laminate was grit blasted with 60 mesh white
alumina grit at 60 psi (pounds per square inch) using a
Guyson Model 400 suction blast gun. The laminate surface
was cleaned with compressed air to remove dust, followed
by solvent degreasing using Industrial Methylated Spirit
(IMS) solvent to remove any surface contaminant. This
process results in a sand-blasted GRE pipe 700 in FIG. 7.

Step (b)—Thermal Spraying of Aluminum Intermediate
Layer

After the GRE laminate surface had been adequately
prepared, aluminum was deposited by the wire flame spray
(WES) process using a Metallisation M73 flame spray gun
800, as shown in FIG. 8, mounted onto a robotic arm 802.
The coating was deposited to a thickness of approximately
100 um (micron) using 2.3 mm (millimeter) diameter alu-
minum wire, 01E (1050/1350), procured from Metallisation
Ltd. Deposition parameters were selected based on experi-
ence of spraying aluminum onto composites and are pre-
sented in Table 1.

TABLE 1
Aluminum coating wire flame spray parameters

Parameter Value
Oxygen flow rate, L/min (liters per minute) 95
Propane flow rate, L/min 13
Air flow rate, L/min 450
Traverse speed, mm/s (millimeters per 1000
second)

Increment, mm 8
Number of passes 2

Step (c)—Thermal Spraying of PEEK Tie Layer

The aluminum coated GRE laminate 702 or the uncoated
GRE laminate 700 was subsequently coated with an addi-
tional layer of a thermoplastic polymer (PEEK) to obtain a
PEEK coated onto an aluminum coated GRE pipe 70443.
Following a series of spraying trials, the final PEEK coating
was deposited over the aluminum coating 702 by high
velocity oxygen-fuel spraying (HVOF) using a Praxair
TAFA JP5000ST gun 900, as shown in FIG. 9 mounted onto
a robotic arm 902. Two different trials have been performed,
namely PT-1 and PT-2 as shown in FIGS. 10A and 10B.
Nominal 300 um coatings were deposited using Vestakeep®
(registered trademark of Evonik Operations GmbH) 4000FP
PEEK powder (D50 ca. 60 um), procured from Evonik
Industries. Deposition parameters are presented in Table 2.

TABLE 2

PEEK coating HVOF parameters

Parameter Value
Oxygen flow rate, L/min 300
Kerosene flow rate, L/min 200
Powder gas flow rate, L/min 13.2
Traverse speed, mm/s 800

Increment, mm 5
Number of passes
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Characterization of the Tie Layer

A number of techniques were employed to characterize
the quality of the sprayed PEEK coating on the GRE
laminates:

Visual Inspection

Visual inspection of the thermally sprayed PEEK coating
indicated light and dark regions PT1 and PT2 as shown in
FIGS. 10A and 10B. Two locations from each half of the
sprayed laminate were selected for characterization: PT1-1,
PT1-2, PT2-1 and PT2-2. Results of the initial trials of
spraying PEEK onto the laminate are presented in FIGS.
10A, 10B. The area treated using conditions PT2, 1000 in
FIG. 10A, appear slightly darker than that treated using PT1,
1002 in FIG. 10B.

Optical Microscopy

The surface of the sprayed PEEK laminates was examined
under a Leica DMR optical microscope with digital images
captured using Leica image capture software. Images cap-
tured contained automatic scale bars calibrated for the lens
in use at the time. Optical micrographs of the four investi-
gated areas (labeled a-d) are presented in FIGS. 11A-11D,
which reveal no marked degradation of the PEEK coating.
Chemical Analysis

An Agilent ExoScan Fourier Transform Infrared (FTIR)
spectrometer was used to analyze the sprayed PEEK coat-
ing, and a sample of Vestakeep® (registered trademark of
Evonik Operations GmbH) powder in order to establish
whether thermal spraying had caused any degradation of the
PEEK. FTIR absorbance spectra for the two areas of PT1
(areas 1 and 2 in FIG. 10B) and the two areas of PT2 (areas
1 and 2 in FIG. 10A) for the PEEK/aluminum sprayed
laminate are presented in FIG. 12A-12D. In each figure, the
absorbance spectrum for the PEEK coating is shown in
comparison to a reference spectrum taken with pure PEEK
powder. In all four areas, PT1-1 (area 1 in FIG. 10B), PT1-2
(area 2 in FIG. 10B), PT2-1 (area 1 in FIG. 10A), and PT2-2
(area 2 in FIG. 10A), there is good correlation between the
sprayed PEEK and original PEEK powder (reference mate-
rial). There is no apparent thermal degradation of the PEEK
coating in any area.

Adhesion Strength

An adhesion pull-off test was used to assess the overall
adhesion strength of the thermally sprayed PEEK to the
aluminum layer and of the aluminum layer to the GRE
laminate. Three locations from each of the PT1 areas of the
PEEK/aluminum coated laminate were selected, as shown in
FIG. 13. The PEEK coated areas were cleaned with Methyl
Ethyl Ketone (MEK) solvent. The base of each 20 mm
diameter dolly was grit blasted, air blasted and cleaned with
MEK. The dollies were bonded using Araldite Epoxy 2014-2
adhesive and were cured at 40° C. for 16 hours.

Pull-off testing was carried out using an Elcometer 510
Automatic Pull-Off Adhesion Gauge, according to the
guidelines in BS EN 24624. L.oad was applied at a rate of 0.7
MPa per second.

The Adhesion pull-off strength results are presented in
FIG. 14 and Table 3. The adhesion quality of the PEEK
coating is not only evaluated from pull-off strength values.
The failure mode can also provide valuable information.
FIG. 14 shows associated failure modes for each pull-off
test, and reveals the varied failure modes observed. Adhe-
sion of the coated PEEK was determined to be approxi-
mately 8 MPa (megapascals). However, failure modes
revealed a mixture of PEEK/aluminum and aluminuny/GRE
failure modes.

It is worth noting that pull-off testing measures the
adhesion performance of a coating when loaded in out-of-
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plane tension; potentially the most severe loading mode.
However, when used in a process to join pipes, the PEEK
layer would not experience such a loading mode, and is
more likely to suffer from Mode II, shear failure as the
internal pressure causes the pipes to separate from the
coupler. Although there is no clear correlation between
Mode I and Mode II strength and the pull-off strength values
should not be used for prediction of the joint strength, a
pull-off strength of 8 MPa will generally indicate a well
bonded coating and does not raise any concerns regarding
the integrity and strength of the produced joints.

TABLE 3

Adhesion pull-off strength for PEEK
sprayed/aluminum sprayed laminate.

Location Pull-off strength, MPa
PT1 PT2
1 8.48 8.11
2 7.63 7.24
3 8.46 8.50
Mean 8.19 7.95
Standard deviation 0.396 0.527

Technical Feasibility of Tie Layer B (Thermal Joining
Route)
Step (a)—Surface Preparation

Surface preparation is important in friction welding com-
ponents as it not only contributes to both the means of
adherence between the faying materials, but also the fric-
tional properties of the faying surfaces and therefore the rate
at which frictional heat is generated in the joining process.

The direct bonding of a thermoplastic material (here
PEEK) onto an RTR laminate (here GRE) 706 using a
thermal joining process such as Linear Friction Welding
(LFW) is a new process. The technical feasibility of the tie
layer structure and deposition techniques disclosed above is
detailed with reference to a specific example of an embodi-
ment of the present invention. The parameters and equip-
ment described in the specific example are illustrative only
and should not be considered as restrictive elements to the
present invention.

The surface of the GRE laminates was prepared using a
manual abrasion process following the guidelines specified
in EN 13887:2003 (E) “Guidelines for surface preparation of
metals and plastics prior to adhesive bonding,” Section 6.1
“Physical: Mechanical (Scarification)” as follows:

Using 180 grit (76 micron) abrasive paper:

Abrade straight across in a convenient direction until all
the surface has been lightly and uniformly scarified
then;

Abrade similarly, at right angles until all traces (from Step
(a) above) have been obliterated then;

Abrade by means of a circular (<10 mm diameter) motion
until, again, all traces of the foregoing (see b) above)
have been obliterated and the surface appears uniform;

Remove debris. If dry abraded, and if practical, use a
vacuum. Otherwise, blow clean oil free and dry air in
a suitably ventilated enclosure. If wet abraded, solvent
wipe using a clean lint free cloth and allow to dry;

The surface of the PEEK material was prepared by
milling PEEK blocks to the required geometry to fit the
linear friction welding machine tool. No additional
finishing or abrasion was carried out on the PEEK
material prior to welding, other than a wipe with
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Isopropyl alcohol (IPA) immediately before joining. A

representative example of surface abrasion is presented

in FIG. 19.
Step (b)—Friction Deposition of Peck Tie Layer

Friction welding of a PEEK layer onto the surface of a

GRE laminate 1502 was carried out using Thompson E20
linear friction welding machine 1500, using a tool designed
to hold two 6 mm thick 90 mmx100 mm adherence. The
welding parameters (forge pressure, oscillation amplitude
and frequency, and weld time) are presented in Table 4 and
were selected based on previous experimental trials and
programmed into the E20 settings to ensure repeatable
welding conditions. An example of non-limiting welding
parameters shown in Table 4 are referred to herein as
“Program 1.” In all welds, the GRE component 1500 was
held in the oscillating side of the tool, whereas the PEEK
component 1502 was placed in the forging side of the
tooling, as shown in FIG. 15.

TABLE 4

Linear friction welding parameters

Weld time, s (seconds) 10
Oscillation amplitude, mm 1.5
Oscillation frequency, Hz (Hertz) 50
Force, kN (kilonewtons) 87
Forge burn-off, mm 4.5

The PEEK component 1502 was prepared with either a 10
mm wide by 1 mm deep notch located 25 mm from the
faying surface, or the faying surface being 2 mm proud of
the remainder of the component, as shown in FIG. 16. This
was to provide a fixed size pad faying surface, and to provide
space for the forged PEEK flash material to flow into during
joining.

After the joining cycle had been completed the joined
components (PEEK 1702 on GRE 1700) were removed from
the tooling, as shown in FIG. 17, before being milled to the
correct geometry by removing the flash, the excess PEEK
and reducing the PEEK layer thickness to 1 mm, as shown
in FIG. 18 with a PEEK layer 1802 on GRE 1801. The
thickness of the PEEK layer 1802 can be varied depending
on the requirements of the subsequent thermal joining
process. For linear friction welding this has been suggested
as being 1 mm, allowing for up to 1.5 mm forge burn-off to
occur and leave a 0.5 mm weld line thickness 1803. Resis-
tive implant welding can operate successfully with thinner
layer as there is no forging phase in the welding process.

The PEEK-coated GRE laminates 1800 presented in FIG.
18 can be finally jointed to each other using a welding
process (e.g, resistive implant welding or friction welding)
and the resulting joint can be tested mechanically to assess
the bond strength.

Those skilled in the art will appreciate that three primary
limitations/challenges need to be overcome to successfully
implement one or more embodiments of the invention.

(1) The thermoplastic tie layer (here PEEK-based) must
be chosen to have sufficient properties to achieve both an
effective joint (strength and durability) and also sealing
against pipe content leakage.

(2) In such cases that include a required application of the
aluminum layer, the aluminum layer may be applied as a
means of improving the adhesion strength of the thermo-
plastic tie layer and/or acting as an electromagnetic induc-
tion susceptor, must have sufficient permeation and corro-
sion resistance for the selected application. Some
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applications may not be conducive to the presence of a
thermally-sprayed aluminum layer at the joining/sealing
interface.

(3) If friction is used as a means of attaching the ther-
moplastic tie layer then sufficient friction/heat must be
generated during the welding process without damaging the
underlying fiber structure. There is a delicate balance
required in order to achieve a successful joint.

Surface Preparation

Surface preparation of the GRE laminate/pipe surface is a
critical step to making a good (friction) weld. In another set
of welds, grit blasting (GB) was carried using a Guyson 400
Syphon type gun fitted with an 8 mm nozzle, operating at 40
psi with a stand-off distance of 60 mm. A 60 mesh (250 um)
white aluminium oxide grit was used, and nozzle was
traversed at approximately 50 mm/s across the specimen
surface. A picture of the GRE laminate after surface prepa-
ration is shown FIG. 19 right.

GRE and PEEK weldments were cut to 90x100 mm to fit
the LFW tooling. The PEEK weldment contained space
outside the weld region to allow for the squeeze-out of
molten PEEK during the forging stage as shown in FIG. 19
(left).

Friction welding of PEEK to GRE and PEEK to PEEK

In addition to the welding parameters described above
(i.e., Program 1) an alternative friction welding program
(“Program 2”) which employs a more aggressive forging
force and oscillations was compared to the previously
described welding Program 1.

FIG. 20A shows the welding force over time of Program
1, and FIG. 20B shows the oscillation of the welding force
(kN) versus time of Program 1. The make-up of the full joint
(schematically illustrated on flat coupons as previously
discussed is also valid for cylindrical shapes (i.e. pipes). In
one or more embodiments this joining process may be
completed in either in a two-step or three-step process
(FIGS. 21A and 21B).

Embodiments disclosed herein relate to a joining process
that may be a two-step joining process (as shown in FIG.
23B) or a three-step joining process (as shown in FIG. 23A).
In an exemplary embodiment, a first step of a two-step
joining process includes a process in which PEEK 2302 is
bonded/joined to a GRE laminate 2304 (or pipe) using a
thermal joining process, such as linear friction welding
following a prescribed welding program to form a weld
2306 between the PEEK 2302 and the GRE laminate 2304.
Once joined, an excess amount of PEEK may be removed
and milled to a nominal thickness, such as 1 mm, as needed
to achieved the required Bond Line Thickness (BLT).

In a second step of the two-step process, a joint 2308
formed from the first step is joined to a second uncoated
GRE laminate 2310 using a friction welding process as
previously described to form a laminated part 2312. The
friction welding process may be programmed with either the
same or different welding parameters as used in step 1. A
photograph of a resultant structure is shown in FIG. 21A.

In one or more embodiments, a three-step joining process
as shown in FIG. 23A may be advantageous. A non-limiting
example of such embodiments includes joining a thermo-
plastic tie layer (PEEK) 2314 that is bonded/joined to a GRE
laminate (or pipe) 2316 using a linear friction welding
process following a prescribed welding programme as a first
step in the three-step process to form a weld 2318. Once
joined, the excess PEEK may then be removed and milled to
a nominal thickness, such as 1 mm, needed to achieve the
required Bond Line Thickness (BLT).



US 12,055,253 B2

13

In the second step, the same process as step 1 is repeated
on a second GRE laminate with a thermoplastic tie layer
(PEEK) to form a PEEK-coated GRE laminate weld 2320.
In the third step, the PEEK-coated GRE laminate weld 2320
and 2322 from step 1 and step 2 are joined together (PEEK
to PEEK welding) to form a laminated part 2324. The
welding operation can be performed via friction welding or
any other thermal welding process suitable for joining
thermoplastic materials together, including, but not limited
to electrofusion or implant welding.

In all of the LFW joints the first stage was to join a PEEK
weldment to a GRE weldment using the prescribed weld
program. Once joined, the excess PEEK was removed and
milled to a nominal 1 mm thickness. This resulted in a GRE
coupon with a 25 mm wide, 1 mm thick layer of PEEK at
one end (FIG. 22). Welds were carried out with varying
thickness of PEEK interlayers to assess the impact of the
BLT on the joint strength. Both variants described in FIG.
23A and FIG. 23B (i.e., 2-step and 3-step processes) were
trialed and tested for comparison. After the final joining
process (e.g., third in the three step process—FIG. 23B), the
welded coupon as shown in FIG. 24, was trimmed and cut
into three single lap shear (SLS) samples for mechanical
testing.
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nates were first abraded and then adhesively bonded using
the commercial Wavistrong® Easy-fit Adhesive (Future
Pipe Industries, Inc., Houston, TX).
Mechanical Test Results (Shear Strength)

A summary of the mechanical test results for the new set
of friction welded GRE specimens is shown in Table 5 and
FIG. 25. The results are compared against the benchmark
values (weld ID ADH-002 in Table 5) measured on adhesive
bonded joints of a GRE to GRE laminate denoted “test” in
FIG. 25 The benchmark sample W7858 preparation was
performed using methods described above (i.e., abrasion
then adhesive bonding using Wavistrong® FEasy-fit Adhe-
sive). The remaining samples were treated with designated
surface abrasion methods and welded according to the
designated program as shown in Table 5. Weld types of the
samples were designated single (GRE to PEEK), two (GRE-
IPEEK to GRE), or three (GREIPEEK to PEEKIGRE).

All specimens were the single lap shear configuration
with a 25 mm overlap length. The highest value of 12.5 MPa
was achieved with weld W7859, which was carried out with
the correct weld program ‘Program 1°, and received the
previously described grit blast surface preparation.

TABLE 5

Summary of the mechanical test results of friction welded GRE specimen

Apparent

Surface shear

Abrasion Welding  Weld Measured  strength, SD,
Weld ID Method Program  Type BLT, mm MPa MPa
ADH-002 Benchmark 1.1 13.1 0.85
w7842 Grit Blast 1 Single N/A 11.81 0.18
W7843 Manual 1 Single N/A 9.31 1.18
W7855 Manual 2 Single N/A 6.22 0.04
W7859 Grit 1 Three 0.9 12.54 1.61
W7860 Manual 1 Three 0.79 10.45 0.73
W7862 Manual 1 Three 1.77 9.65 0.58
W7863 Manual 1 Three 1.07 11.67 0.16
Three weld Manual 1 Three 1.21 10.59 1.00
average (0.50) (1.02) 0.29)
(W7860162163),
(SD)
W7861 Manual 1 Two 0.44 10.55 0.69
W7864 Manual 2 Three 0.94 5.13 0.44
W7866 Manual 1 Three 1.11 10.45 1.65

Mechanical Testing:

An Instron 8800 B530 testing machine was used for all
mechanical tests. SLS mechanical testing was carried out
according to the guidelines specified in BS ISO 4587 (BSI,
2003) with the following exceptions:

12.5 mm overlap length was increased to 25 mm for some
specimens.

Bondline thickness (BLT) deviated from the typical 0.2
mm recommended.

Testing speed was either 1 or 10 mm/minute rather than
the standard requirement to operate the machine at a con-
stant test speed so that the average joint will be broken in a
period of 65£20 s.

The distance from the grip to the nearest edge of the joint
was reduced from the specified 50+1 mm to 37.5 mm due to
the increase in overlap length from 12.5 to 25 mm in some
specimens.

In addition to the friction welded joints, a set of GRE to
GRE joints prepared using adhesive bonding were prepared
and tested for benchmarking. For the latter, the GRE lami-
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Welds W7842, W7843 and W7855 were a single weld
between a GRE laminate and a PEEK adherend. In this
configuration there is no separate material between the GRE
and PEEK adherends, and therefore, no bondline thickness.
The specimens from weld W7842 (grit blast) all failed in the
PEEK material in a tensile mode rather than in shear at the
weld. Therefore, values are shown in FIG. 25 are minimum
values. Specimens from weld W7843 (manual abrasion)
failed in a mixture of tension in the PEEK and shear at the
interface, and again FIG. 25 shows these as minimum
values.

The strength of the single weld W7842 specimens (11.8
MPa) is similar to the strength of the three weld W7859
(12.5 MPa).

The lowest strength achieved were from weld W7864,
which was carried out with Program 2 and after receiving a
manual abrasion surface preparation, which led the worst
performance among all.

The measured apparent shear strength values obtained
with the new LFW test samples can be compared to that
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obtained when bonding RTR laminates using commercial
adhesives, as shown in FIG. 26.

The set of LFW specimens described previously were
manufactured under well controlled conditions, and conse-
quently exhibited significantly higher strengths as compared
to the initial LFW trials.

The average strength of the rework LFW joints was 12.5
MPa, which is 86% of the highest equivalent overlap length
adhesive joint (15.0 MPa). Comparing the value to the
adhesive joint with a similar bond-line thickness (13.1 MPa)
shows that the LFW joining process could compete with
adhesives under equivalent conditions. The feasibility of
using the LFW joining process is even clearer when con-
sidering the long-term degradation of the adhesive joint
performance, something that the thermoplastic joining
approach is less likely to suffer from.

In one or more embodiments, a three-step weld process
may be preferred, as both GRE materials can be inspected,
abraded and coated with thermoplastic material in the pipe
manufacturing process, where the operation can be closely
monitored and well controlled. However, both two and three
weld operations are provided herein as suitable operations.
No significant difference could be seen in the strength
results, indicating that the final (GREIPEEK to PEEKIGRE)
weld did not degrade the initial weld that joined the ther-
moplastic to the thermoset (PEEK to GRE). This observa-
tion is critical to the strength of the final joints as the weaker
interface is likely to be that between the thermoset GRE and
the thermoplastic PEEK. Further evidence is provided by the
strengths measured on the single weld GRE-PEEK speci-
mens.

Several of these specimens failed in tension in the PEEK
adherend (despite the addition of a composite reinforcing
layer bonded to the outside of the PEEK), indicating that the
strength of the joint itself was somewhat higher than mea-
sured, and that the true strength of the single GRE to PEEK
weld has not been determined. However, failure at the joint
interface was seen in one of the manual abrasion single weld
specimens, suggesting that the true strength is only slightly
higher than that measured (11.5 MPa). The highest strength
measured for the three-step weld specimens was 12.5 MPa,
suggesting that the high temperatures and harsh mechanical
oscillations and shear forces experienced in subsequent
welds do not degrade the performance of the initial GRE-
PEEK joint.

Impact of Surface Preparation

Results of surface free energy and surface profile show
that there is some difference in joint apparent shear strength
when the GRE is prepared via manual abrasion and grit
blasting surface.

To understand the observations of surface preparation,
additional surface analysis was carried out on the GRE
laminates following surface preparation. Contact angle
analysis was used to determine the polar and dispersive
surface free energies of the manually abraded and grit
blasted GRE laminate and PEEK surfaces.

A Kruss DSA100 was used following the Owens-Wendt-
Rabel-Kaelble (OWRK) method specified in BS EN ISO
19403-2 (BSI, 2020), with the following parameters. Con-
tact angle measurements were made on four of the GRE
laminates in the areas where surface preparation had been
applied. Two were manually abraded and are the two shown
on the left of FIG. 27. Two were grit blasted and are shown
on the right of FIG. 27.

The surface roughness was analyzed using an Alicona
InfiniteFocus SL. focus variation microscope. An area
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approximately 28x18 mm was analyzed on two of each
manually abraded and grit blasted GRE laminates.

As shown in FIG. 28 and summarized in Table 6, total
surface free energy is higher for the grit blasted specimens.
The ratio of polar to disperse surface free energy is also
slightly lower for the grit blasted surfaces. The three loca-
tions (L, C, R) on each specimen refer to the locations shown
in FIG. 27.

Surface profile measurements also show a greater rough-
ness, expressed as peak to valley surface height, for the grit
blasted specimens. The pseudo-colour images in FIG. 29
also show features that relate to the weave of the GRE
laminate were much more prominent on the grit blasted
surfaces. The manually abraded surface shows evidence of
scratches resulting from the final orbital abrading stage of
manual abrasion.

Surface analysis confirmed the importance of surface
preparation on the strength of GRE joints. The importance of
surface preparation on the performance of adhesively
bonded joints is well known. The data provided herein has
confirmed the benefit of using grit blasting as a surface
preparation technique over manual abrasion. The values
shown in Table 6 are averages of the three measured points
(left “L”, center “C”, and right “R”) as shown in FIG. 27. A
histogram chart of the data values used for these calculations
is presented in FIG. 28. There was a 17% increase in total
surface free energy from 37.4 mN/m for manually abraded
surfaces to 43.8 mN/m for grit blasted surfaces. There was
also a corresponding increase (18%) in joint strengths with
grit blasted LFW specimens achieving 12.5 MPa compared
to 10.6 MPa for the manually abraded specimens. Although
both surface preparation approaches offer increased joint
strength compared to an unabraded surface, grit blasting
offers the potential for a more automated process enabling
better quality control and improved reliability of joints.

TABLE 6

Surface analyses of various surface abrasion methods

Surface free energy, mN/m Ratio of polar

Surface Disperse Polar Total to disperse, %
Manual 34.5 2.9 374 8.3
Abrasion
Grit blasting 435 0.3 43.8 0.6
Machined 39.7 2.0 41.7 5.1
PEEK

One or more embodiments of the present invention as
described above may solve one or more of the following

problems or provide one or more of the following advan-
tages.

Systems described herein are advantageous because it is
known that the integrity of conventional RTR joints
(threaded or adhesive joints) is highly dependent on the
skills of the jointer during installation. For example, a joint
misalignment, improper application of TEFLON® (regis-
tered trademark of the Chemours Company FC, LL.C) com-
pound on the threads or excessive torqueing during the joint
installation will inevitably impact the interference (contact)
pressure between the spigot and socket threads. Further, the
degradation of the sealing systems (secondary O-rings) used
in some of the joints (e.g., key lock) are known to be the
main source of leaks. Further, traditional adhesive bonded
joints require careful surface preparation and skilled jointer
in the field to make sure that the adhesive is properly and
uniformly applied. Thus, an alternative way of joining RTR
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pipes through a welding process as is described herein
simplifies the process and avoids such requirements.

One or more embodiments may provide improved sealing
and reliability over prior systems. The sealing may be
entirely provided by the thermoplastic tie layers after weld-
ing. In conventional joints, the sealing is provided by a
contact pressure (O-ring for key lock-joints or TEFLON®
(registered trademark of the Chemours Company FC, LLC)
wrap in threaded joints). The contact pressure degrades over
time and joints end up leaking. In embodiments of the
present invention, the sealing is permanent (welded). In
addition, bonding strength is improved by the extra welding
step as compared to that of conventional thread joints. Also,
in one or more embodiments, the sealing function of the
welding is valuable because it allows for replacing O-ring
sealing systems in key-lock joint or other types of RTR
joints entirely.

One or more embodiments may allow for de-skilled
installation, as compared to conventional joints, where the
quality of the joints often depends on the skills of the jointer
(surface treatment, injection of resin, proper application of
TEFLON® (registered trademark of the Chemours Com-
pany FC, LLC) sealing compound on-site, installation of
O-ring, torqueing, etc.). In embodiments of the present
invention, the application of the tie layers at the pipe ends
can be done at the manufacturing site (controlled produc-
tion) and the skills required by the jointer at the installation
site are reduced. Also, the welding process can be fully
automated and is relatively fast.

One or more embodiments may provide better tolerance
to installation defects, where small imperfections in the
thread making step can potentially be eliminated during the
welding of the thermoplastic tie layers (full melting and
solidification of the ties layers). In addition, the inherent
ductility of thermoplastic materials (compared to thermo-
sets) is likely to provide some additional tolerance to local-
ized deformations/strains at the spigot/socket contact sur-
face and reduce the likelihood of brittle failure of the
thermoset resin due to excessive local deformations.

One or more embodiments may provide increased joint
strength provided by a larger joining area (i.e., the length of
the coupler) and controlled mainly by the strong bonding
between the thermoplastic interlayer to thermoset parts
when the thermoplastic welding is used both as sealing and
jointing system. However, when the thermoplastic welding
is combined to another secondary jointing process, the joint
strength is mainly controlled by the secondary system (i.e.,
the threads).

One or more embodiments provide versatility. Embodi-
ments of the present invention can be possibly used as a
repair technique on faulty threaded joints in the field. The
faulty joints must be modified on site to incorporate the tie
layers and enable the welding process post threading.

Embodiments of the present invention provide a smarter
joint, where the (electrically) conductive susceptors (used
for the induction welding process) can be used subsequently
in an integrity monitoring technology (SHM) for crack
detection, such as electrical tomography.

From the initial results carried out to demonstrate the
technical feasibility, there were two main aspects to high-
light: (1) The level of bonding strength achieved using the
thermal spraying of PEEK on the GRE laminate using the
aluminum interlayer is quite high and found to be unexpect-
edly advantageous. (2) Being able to bond directly PEEK
onto a GRE laminate using friction welding process (which
is traditionally used to bond metal to metal pieces) was
found to be unexpectedly advantageous.
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Improved sealing and reliability: the sealing is entirely
provided by the thermoplastic tie layers after welding. In
conventional joints, the sealing is provided by a contact
pressure (O-ring for key lock-joints or TEFLON® (regis-
tered trademark of the Chemours Company FC, LLC) wrap
in threaded joints). The contact pressure degrades over time
and joints end up leaking. In this innovation, the sealing is
permanent (welded). In addition, the effective joining area is
larger and thus the permeation path is longer, resulting in a
lower long term leak of harmful substances to the environ-
ment

Increased joint strength: provided by a larger joining area
(i.e., the length of the coupler) and controlled mainly by the
strong bonding between the thermoplastic interlayer to ther-
moset parts.

De-skilled installation: as compared to conventional
joints, where the quality of the joints often depends on the
skills of the jointer (proper application of TEFLON® (reg-
istered trademark of the Chemours Company FC, LLC)
sealing compound on site, installation of O-ring, torqueing,
etc.). In our innovation, the application of the tie layers at the
pipe ends can be done at the manufacturing site (controlled
production) and the skills required by the jointer at the
installation site are reduced. The friction welding process
can be automated.

Versatility: with the potential to easily change the joint
design and performance, even on-site, through modification
of the pipe end taper geometry. The proposed innovation
makes the joint easily repairable on site (thermoplastic
welding is a reversible process unlike thermoset curing). In
addition, the innovation can also be used as a repair tech-
nique on straight section of RTR that can be modified on site
to incorporate the connecting coupler and the thermoplastic
interlayers.

From an operational/economical aspect, our proposed
solution can be very competitive compared to the ones
described in the prior art. Indeed, our innovation can be
retro-fitted on existing pipes.

While the invention has been described with respect to a
limited number of embodiments, those skilled in the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the
scope of the invention should be limited only by the attached
claims.

What is claimed is:

1. A method of coupling a first pipe having a tapered,
spigot end and a second pipe having a tapered, socket end
adapted to internally receive the tapered, spigot end of the
first pipe, wherein the first pipe and the second pipe are made
from a reinforced thermosetting resin (RTR) material, the
method comprising:

disposing a thermoplastic material onto the RTR material

of the first pipe or the second pipe;

employing a thermal joining process that is a thermal

spray deposition, a friction welding process, a resistive

implant heating process, or any combination thereof to

bond the thermoplastic material on the RTR material,
inserting the first pipe into the second pipe; and

heating the thermoplastic material sufficiently to melt the

thermoplastic material such that, when the heat is
removed, the thermoplastic material hardens such that
the thermoplastic material seals the first pipe to the
second pipe.

2. The method of claim 1, wherein disposing the thermo-
plastic material onto the RTR material of the first pipe or the
second pipe comprises:
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coating at least one of the first pipe or the second pipe with
a the thermoplastic material, and

employing the thermal joining process to bond the ther-

moplastic material on the RTR material.

3. The method of claim 1, wherein an electrically con-
ductive susceptor is disposed on at least one of the first pipe
or the second pipe, the method further comprising using the
electrically conductive susceptor for crack detection for
integrity monitoring technology of a pipeline.

4. The method of claim 1, wherein the second pipe is a
coupler comprising two tapered socket ends, a system fur-
ther comprising a third pipe having a tapered, spigot end,
wherein the sockets ends of the coupler are adapted to
internally receive the tapered, spigot end of the first pipe and
the third pipe, and wherein the coupler and the third pipe are
made from RTR material, the method comprising:

disposing a thermoplastic material between an exterior of

the first pipe and an interior of the coupler;
disposing a thermoplastic material between an exterior of
the third pipe and an interior of the coupler;

employing a thermal joining process to bond the thermo-
plastic material on the RTR material of the first pipe,
the coupler, or the third pipe,

inserting the first pipe and the third pipe into the coupler;

and

heating the thermoplastic material between at least one of

the exterior of the first pipe and an interior of the
coupler and the exterior of the third pipe and the
interior of the coupler, sufficiently to melt the thermo-
plastic material such that, when the heat is removed, the
hardened thermoplastic material seals the first pipe and
the third pipe to the coupler.

5. The method of claim 4, wherein disposing the thermo-
plastic material between an exterior of the first pipe and an
interior of the coupler and disposing a thermoplastic mate-
rial between an exterior of the third pipe and an interior of
the coupler comprises:
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coating at least one of the first pipe, the second pipe, and
the coupler with the thermoplastic material, and

employing the thermal joining process to bond the ther-
moplastic material on the RTR material.

6. The method of claim 1, wherein the thermoplastic
material comprises a thermoplastic coating and a susceptor,
the method further comprises:

depositing the susceptor on a to-be-jointed RTR surface.

7. The method of claim 6, wherein the thermoplastic
coating is on top of the susceptor.

8. The method of claim 6, further comprising:

depositing the thermoplastic coating by thermal spraying

or friction welding.

9. The method of claim 6, wherein the susceptor is
electronically conductive, a smart joint, or combinations
thereof, the method further comprises:

detecting cracks of a pipeline with integrity monitoring

technology.

10. The method of claim 1, wherein the thermoplastic
material comprises a thermoplastic coating and a susceptor,
the method further comprises:

depositing the susceptor on top of the thermoplastic

coating.

11. The method of claim 1, further comprising:

embedding a susceptor filler in a thermoplastic matrix of

the thermoplastic material.

12. The method of claim 11, wherein embedding the
susceptor filler in the thermoplastic matrix comprises:

depositing the thermoplastic material onto the RTR mate-

rial by applying a thermoplastic implant while the
thermoset is in a partially cured state, followed by
co-curing at a required temperature,

wherein the required temperature is below a melting

temperature of the thermoplastic material.

13. The method of claim 1, further comprising:

bonding thermoplastic material directly onto the RTR

material of the first pipe, the second pipe, or both the
first pipe and the second pipe.
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